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Abstract 
Ternary Cu(Sb,Bi)(S,Se)2 compounds such as CuSbS2, CuSbSe2, CuBiS2, and CuBiSe2, are potential photovoltaic materials that 
contain earth abundant and low-cost elements. Employing an atomistic first-principles modeling within the density function 
theory we calculate the electronic and optical properties of Cu(Sb,Bi)(S,Se)2 compounds. We find that these four materials have 
indirect fundamental band gaps in the range of 1.1–1.7 eV. The indirect gap nature is different to the previous experimental 
measurements (direct gap). Calculations reveal that these materials have strong optical absorption compared to chalcopyrite 
CuIn(S,Se)2 and kesterite Cu2ZnSn(S,Se)4. The strong absorption of these compounds is explained by the localized p-states of 
cation Sb/Bi in the lower region of conduction band. Thereby, ternary Cu(Sb,Bi)(S,Se)2 compounds have the potential to be 
used as absorber material in thin-film PV technologies. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of The European Materials Research Society (E-MRS). 
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1. Introduction 
Current photovoltaic (PV) technology of thin-film solar cells is dominated by II–VI CdTe [1] and I–III–VI2
chalcopyrite Cu(Ga,In)Se2 (CIGS) [2]. The main reason for their use in PV technologies is due to the fact that 
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these materials have direct band gaps in the energy region 1.0–1.5 eV and have high optical efficiency. Recently, 
these materials are discussed to be replaced in future clean energy technologies [3] because of issues related to the 
cost (In, Ga), low abundance (In, Te), and environment (Cd). Therefore, current research has focused on the search 
for alternative absorber materials for future PV technologies.  
Alternative compounds such as CuSbS2, CuSbSe2, CuBiS2, and CuBiSe2 have been suggested as PV absorber 
materials [4-12].  In a recent experimental study, Colombra et al., [4] have reported a direct band gap of 1.5 eV and 
1.2 eV for CuSbS2 and CuSbSe2, respectively. In earlier studies, also thin-films of CuSbS2 and CuSbSe2 grown by 
various methods have shown promising properties as absorber materials [5-7]. Similarly, for bismuth based 
compounds CuBi(S,Se)2, a direct band gap in the range 1.1–1.6 eV and high absorption coefficients have been 
reported [8, 9]. Moreover, recent theoretical studies have also discussed the potential of these compounds for 
future thin-film PV technologies [10-12]. Despite all these studies the thin-films based on ternary Cu(Sb,Bi)(S,Se)2 
compounds containing earth abundant and non-toxic elements have not yet reached to the device level. This is 
mainly because the fundamental physical properties of these compounds are not yet well understood. Therefore, it 
is essential to understand in details the electronic and optical properties of these materials for further development 
of PV technology based on the Cu(Sb,Bi)(S,Se)2 compounds. 
A theoretical method especially first-principles density functional theory (DFT) calculation is of special 
priority in the study of electronic and optical properties of materials. The DFT studies in conjunction with the local 
density approximation or generalized gradient approximation suffer from spurious self-interaction and thus in 
general underestimate the band gap energies. Therefore, these approximations limit the predictive abilities and thus 
it is necessary to go beyond these approximations. Hence, in this study we use a Heyd-Scuseria-Ernzerhof 
(HSE06) hybrid functional to overcome the aforementioned problems. The HSE06 is known to fairly accurately 
describe the lattice parameters, band gap energies, and total energy of the system.  
In this work, we calculate the electronic structure and the optical activity of Cu(Sb,Bi)(S,Se)2 compounds. For 
comparison, we present calculations also of CuIn(S,Se)2. We find that all four compounds of Cu(Sb,Bi)(S,Se)2 
system are indirect band gap semiconductors. The fundamental band gap energy is estimated to be Eg ≈ 1.7–1.9 eV 
in CuSbS2, Eg ≈ 1.3–1.6 eV in CuSbSe2, Eg ≈ 1.6–2.1 eV in CuBiS2, and Eg ≈ 1.1–1.5 eV in CuBiSe2. Furthermore, 
calculations reveal that the absorption coefficient of these compounds is about twice as large as in CuInS2 and 
CuInSe2. 
2. Computational details  
 Calculations are performed using the first-principles DFT method. A projector augmented wave method with a 
HSE06 screened hybrid functional, as implemented in Vienna ab initio simulation package, is used for the 
calculations [13-15]. This hybrid functional combines the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
potential and the Hartree-Fock exchange interaction. We choose the standard range-separation parameter ω = 0.2 
to decompose the Coulomb kernel, which is known to fairly accurately describe both the crystal volume and band 
gap energies. The lattice constants are relaxed by minimizing the total energy to an accuracy of 0.1 meV, and the 
ion positions are relaxed with an accuracy of 0.01 eV/Å for the forces on each atom. The calculations are 
performed with a cut-off energy of 400 eV. Density and the density-of-states (DOS) are generated from a 
tetrahedron Brillouin zone integration with a 4×6×2 Monkhorst-Pack k-mesh. The cell volume is fully relaxed 
within the HSE06 method, using a quasi-Newton algorithm.   
3. Results and discussion 
3.1. Crystal structure  
 
Ternary Cu(Sb,Bi)(S,Se)2 compounds crystallize in orthorhombic structure (Pnma; space group no. 62). The 
cations Sb/Bi are four-coordinated while Cu atoms are five-coordinated with respect to the neighbouring anions S 
or Se. Figure 1 shows the crystal structure of these compounds. Left panel represents the normal bonding 
arrangement while right panel shows the polyhedral configuration.  
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Fig. 1. Crystal structure of Cu(Sb,Bi)(S,Se)2 compounds showing (a) normal and (b) polyhedral configuration of atoms. Unit cell is composed 
of tetrahedral Cu(S,Se)4 units and distorted square pyramidal [(Sb,Bi)(S,Se)5] units. Cu and Sb (Bi) atoms are four and five coordinated 
respectively with nearest S or Se atoms.  
 
One can see that structure is composed of distorted square pyramidal units of Sb(S,Se)5 or Bi(S,Se)5 and 
tetrahedral Cu(S,Se)4 units. The unit cell with 4 Cu atoms, 4 Sb/Bi atoms, and 8 anions (S or Se) contains 16 atoms 
and these atoms occupy 4c Wyckoff sites. The calculated lattice parameters (a, b, and c) are shown in table 1, and 
the results are in good agreement with available experimental data. However, no experimental structural data was 
available for the CuBiSe2 compound. The increase of the lattice parameters is ~5% going from CuSbS2 to CuSbSe2 
(CuBiS2 to CuBiSe2) and also ~5% going from CuSbS2 to CuBiS2 (CuSbSe2 to CuBiSe2). These are connected to 
the Cu–S (Cu–Se) and Sb–S (Sb–Se), and Bi–S (Bi–Se) bond lengths. There are two distinct sets of bond lengths 
for Sb–S (Sb–Se) or Bi–S (Bi–Se) due to the different coordination’s of S atom with Cu and Sb/Bi. For example, 
δ(Sb–S) = 2.44 Å and 2.56 Å in case of the CuSbS2 compound (ref. table 1).  
 
We also estimate the enthalpy of formation ΔHf of these compounds with the help of their elemental standard as 
per equation given below;  
 
µ(Cu) + µ(Sb,Bi) + 2µ(S,Se) = ΔHf[Cu(Sb,Bi)(S,Se)2]        (1) 
 
Here, µ(Cu), µ(Sb,Bi), and µ(S,Se)  represent the chemical potential i.e., total energy of the ground state solid atoms. The 
calculated values are shown in table 1. The enthalpy of formation (ΔHf) is one of the useful parameters to 
understand thermodynamic functions of any new materials which indeed are very crucial for device applications.  
One can see that the values are comparable to other Cu-S (Cu-Se) based compounds [18]. Hence, this suggests that 
also the Cu(Sb,Bi)(S,Se)2 compounds are thermodynamically stable.   
 
 
 
c
ba
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Table 1. The calculated lattice parameters (a, b, and c), bond lengths δ between the cation (Cu, Sb, Bi, or In) and the anion (S or Se) and 
enthalpy of formation (ΔHf) of CuMY2 (M= Sb or Bi and Y= S or Se) compounds by using the HSE06 potential. We also present the results of 
well-established compounds such as CuInS2 and CuInS2 for comparison. 
 
aRef 4 
bRef 16 
cRef 17 
 
 
3.1. Electronic properties  
In this section we discuss the electronic properties of Cu(Sb,Bi)(S,Se)2 compounds from both the atomic 
resolved DOS (Fig. 2) and the electronic band structure (Fig. 3) point of view.   
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Fig. 2. Atomic and angular momentum resolved DOS of (a) CuBiSe2 as a representative case from Cu(Sb,Bi)(S,Se)2 compounds. (b) For 
comparison, we also present the DOS of CuInSe2.  The grey area represents the DOS of Cu atom, while red dashed line and black thick line 
represent the DOS of Bi/In and Se atoms respectively.  DOS are presented with a 0.1 eV Lorentzian broadening and DOS of Bi/In and Se are 
scaled by 2X. 
It is clear that the DOS of these four compounds are rather similar and overall features of the curves are same 
except the energy range and shape of peaks. Therefore we have presented only the DOS of CuBiSe2 compound 
(left panel) as a representative case. For a comparison, we also show the DOS of chalcopyrite CuInSe2 (right 
panel). Fig. 2a clearly shows that the valence band (VB) of these compounds is mainly composed of Cu-d and S-
p/Se-p states. It is interesting to note that the VB of these compounds is similar to chalcopyrite CuIn(S,Se)2 (Fig. 
2b) and kesterite Cu2ZnSn(S,Se)4 [19], as top of the VB is dominated by Cu-d and S-p/Se-p states. On the other 
 CuSbS2 CuSbSe2 CuBiS2 CuBiSe2 CuInS2 CuInSe2 
a (Å) 6.05 (6.014)a 6.43 (6.299)a 6.18 (6.134)b 6.58 5.56 (5.521)c 5.83 (5.801)c 
b (Å) 3.81 (3.788)a 3.95 (3.973)a 3.93 (3.911)b 4.11   
c (Å) 14.55 (14.472)a 15.35 (15.005)a 14.64 (14.548)b 15.05 11.19 (11.135)c 11.70 (11.656)c 
δCu-Y (Å) 2.32 ± 0.01 2.45 ± 0.01 2.31 ± 0.01 2.44 ± 0.02 2.33 2.45  
δM-Y (Å) 2.44, 2.56 2.58, 2.70 2.54, 2.66 2.68, 2.80   
δIn-Y (Å)     2.54 2.64 
ΔHf (eV) −1.55 −1.24 −1.07 −0.86 −2.68 −2.40 
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hand, the conduction band (CB) is composed of Bi/Sb-p states along with a small contribution from S-p/Se-p 
states. It is interesting to note that top of the CB in chalcopyrite CIGS is composed of -s like states of the trivalent 
cation i.e. In-s or Ga-s along with anion p- like states. However, in these Cu(Sb,Bi)(S,Se)2 compounds it is 
composed of -p like states of trivalent cation i.e. Sb-p or Bi-p. Moreover these -p like states of Sb/Bi are much 
localized and sharp in Cu(Sb,Bi)(S,Se)2 compared to CIGS where these are more broaden. Hence, we believe that 
this sharp CB is mainly responsible for high absorption coefficients in these Cu(Sb,Bi)(S,Se)2 compounds 
(discussed in section 3.2).    
 
Fig. 3 demonstrates the band structure along the main symmetry directions for these four compounds. The VB 
maximum is located along the line between Γ-point and Z-point (0,0,1/2), while the CB minimum is in U-R-S-X-Γ 
region. The four compounds have thus indirect gaps, and the fundamental band gap energies are 1.72, 1.36, 1.58, 
and 1.14 eV for CuSbS2, CuSbSe2, CuBiS2, and CuBiSe2, respectively. The indirect gap nature is different than the 
experimental measurements where a direct nature of band gap has been predicted for these compounds [4-9]. 
However, the smallest direct band gaps are only ~0.15 eV higher than the fundamental gaps. It is a tendency that 
the CB states in U-R-S-X-Γ region are lowered when the anion atom number is increased (S to Se). We also 
estimate the Γ-point band gap energies for these compounds which are about ~0.2 eV higher than the fundamental 
gap energies. All the values are shown in table 2 along with the available experimental and theoretical data. One 
can see that band gap energies are in good agreement. It is observed that the CBs are very similar for all these 
compounds, and these bands are relatively flat. The flat CBs are due to localized Bi 6p or Sb 5p like states at the 
CB minimum.   
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Fig. 3. The electronic band structures of Cu(Sb,Bi)(S,Se)2 compounds demonstrate that these compounds have flat CBs and indirect band gaps. 
The energies refer to the VB maximum. The fundamental band-gap energies are presented in the figure. 
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There is discrepancy in the experimental band gap values as it varies considerably (table 2). Generally, a 
parabolic band approximation is commonly used to determine the band gap energy from optical measurements and 
it can leads to wrong interpretation if the bands are non-parabolic. It can be clearly seen from Fig. 3 that the 
topmost VB and the lowest CB have relatively flat dispersions and this could be the reason for incorrect 
interpolation of experimental band gap values. Furthermore, the film growth conditions, presence/absence of 
secondary phases, and impurities or defects can also lead to a variation in band gaps as similar observation is 
reported also for CIGS compound [20]. Furthermore, the theoretical gap energy should be considered as an 
estimate, and we expect that HSE06 generates variation of ~0.2 eV in band gap values [21, 22]. 
 
Table 2. The band-gap energies Eg for Cu(Sb,Bi)(S,Se)2 and CuIn(S,Se)2 compounds obtained with HSE06 potential. 
 
 
 
 
 
 
 
aRef 11 
bRef 24 
cRef 4-9 
dRef 17 
 
3.2. Optical properties  
 
The optical activity is represented by the absorption coefficient α(ω) and which is obtained directly from the 
dielectric function by [21-23, 25] 
 
α(ω) = [ ] 2/1122212 )()()()/2( ωεωεωεω −+⋅c , where c is the speed of light.  
 
    ! "

!
#
%


    
    
   
   






! 	

   ω  


 



 
&

!



 




&
% 



 




&
$



 



 
&

 

 
Fig. 4. The absorption coefficients α(ω) of four Cu(Sb,Bi)(S,Se)2 compounds. The onset to absorption is correlated with the direct band gap 
energy and which is in the range of 1.32 – 1.83 eV for these compounds.  A strong absorption coefficient of >105 cm−1 is observed for energies 
above 2.5 eV. It also demonstrates that the absorption edges are similar although shifted according to the different band-gap energies.  
 CuSbS2 CuSbSe2 CuBiS2 CuBiSe2 CuInS2 CuInSe2 
Eg (eV) 1.72 (1.69)a 1.36  1.58 (1.55)a 1.14 1.25 (1.33)b 0.79 (0.85)b 
dir
gE
 (eV) 1.83 1.41 1.69  1.32   
Γ
gE (eV) 1.86 1.56 2.08  1.57   
exp
gE
 (eV) 1.89c, 1.52c 1.2c 1.65c,1.8c  1.53d 1.04d 
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The calculated average polarization-independent absorption coefficients of Cu(Sb,Bi)(S,Se)2 compounds are 
shown in Fig. 4. Since the Bi-6p and the Sb-5p states form flat energy dispersions of the lowest conduction band, 
the optical activity is large in these compounds. The absorption coefficients for ħω = 2.5 eV are α(ω) = 0.5, 3.2, 
0.9, and 3.8 ×105 cm−1 for CuSbS2, CuSbSe2, CuBiS2, and CuBiSe2, respectively. The larger value for CuBiSe2 is 
due to a smaller band gap. Calculated absorption spectra are in good agreement with the experimental spectra [6, 
9]. Rabhi et al. [6] have demonstrated a high absorption coefficient between 105 cm−1 and 106 cm−1 in the visible 
and near-IR spectral ranges for CuSbS2 films. Hence it clearly shows that these materials have relatively high 
absorption coefficients. For comparison, we calculate also the absorption coefficients of CuInS2 and CuInSe2 
which are established PV materials. In order to better analyze the absorption spectra (Fig. 5), we have shifted the 
energy scale by the respective band gap energies so that onset to absorption occurs at zero energy. The absorption 
coefficient for ħω − Eg = 1.0 eV is α(ω) = 1.8 ×105 cm−1 for CuSbS2 and CuSbSe2  (Fig. 5a), and 1.5 and 2.0 ×105 
for CuBiS2 cm−1 and CuBiSe2 [Fig. 5b], respectively. Hence, It shows that these compounds have comparable α(ω). 
The corresponding values for CuInS2 and CuInS2 are 0.6 and 0.8 ×105 cm−1. Thus, the absorption coefficients of 
Cu(Sb,Bi)(S,Se)2 compounds are about twice as large as in the conventional Cu-based chalcopyrite.  
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Fig. 5. The absorption spectra of (a) CuSbS2 , CuSbSe2 and (b) CuBiS2 , CuBiSe2 are compared with the well-established compounds CuInS2, 
and CuInSe2. Here the energy scale has been shifted by Eg for a better comparison. This demonstrates that Cu(Sb,Bi)(S,Se)2 compounds have 
strong absorption. 
 
Overall, all these compounds have large absorption coefficient and the reason for this is related to the 
electronic structure (Fig. 3). The Sb/Bi-p states form flat energy dispersions of the VB and especially the lowest 
CB. This enhances the optical activity for low-energy photons. 
 
4. Conclusions 
To conclude, Cu(Sb,Bi)(S,Se)2 compounds are orthorhombic type semiconductors composed of fairly 
inexpensive and earth abundant elements. From first-principles hybrid functional approach, we find that these 
compounds have an indirect band gaps of 1.72, 1.36, 1.58, and 1.14 eV for CuSbS2, CuSbSe2, CuBiS2, and 
CuBiSe2 respectively. The lowest direct gap energy is only ~0.15 eV larger than the fundamental gap energy.  The 
estimated indirect nature of gap is different to the previous experimental measurements (direct gap). Furthermore, 
these compounds have strong optical absorption compared to chalcopyrite CuIn(S,Se)2 and kesterite 
Cu2ZnSn(S,Se)4. The strong absorption of these compounds is explained by the localized p- like states of cation 
Sb/Bi in the conduction band region. Hence, compounds CuSbS2, CuSbSe2, CuBiS2, and CuBiSe2 can be regarded 
as potential absorber materials in thin-film PV technologies.  
(a) (b) 
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